Genomic imprinting is a phenomenon whereby monoallelic gene expression occurs in a parent-of-originspecific manner. A subset of imprinted genes acquires a tissue-specific imprinted status during the course of tissue development, and this process can be analyzed by means of an in vitro differentiation system utilizing embryonic stem (ES) cells. In neurons, the gene Ube3a is expressed from the maternal allele only, and a paternally expressed non-coding, antisense RNA has been implicated in the imprinting process in mice and humans. Here, to study the genomic imprinting mechanism, we established F1 hybrid ES cells derived from two sub-species of Mus musculus and established an in vitro neuronal differentiation system in which neuron-specific imprinting of Ube3a was recapitulated. With this system, we revealed that the switch from biallelic expression to maternal, monoallelic expression of Ube3a occurs late in neuronal development, during the neurite outgrowth period, and that the expression of endogenous antisense transcript from the Ube3a locus is up-regulated several hundred-fold during the same period. Our results suggest that evaluation of the quality of ES cells by studying their differentiation in vitro should include evaluation of epigenetic aspects, such as a comparison with the genomic imprinting status found in tissues in vivo, in addition to the evaluation of differentiation gene markers and morphology. Our F1 hybrid ES cells and in vitro differentiation system will allow researchers to investigate complex end-points such as neuronspecific genomic imprinting, and our F1 hybrid ES cells are a useful resource for other tissue-specific genomic imprinting and epigenetic analyses.
INTRODUCTION
Detailed knowledge of the epigenetic program during development is still largely elusive (1, 2) . A deeper understanding of genetic and epigenetic events involving the two alleles of mammalian genomes is important for emerging areas of biotechnology such as regenerative medicine (3) . Examples of such allele-specific events include genomic imprinting, X chromosome inactivation and random monoallelic gene expression. Genomic imprinting is a specialized form of monoallelic gene expression in which an assembly of cells of similar characteristics within a tissue exhibits uniparental-allelic gene expression for a given gene (4) . Although the phenomenon is observed in nearly all mammals, the behavior of each imprinted gene is not necessarily conserved among species. This illustrates the importance of studying imprinted genes individually using a pure cell population system.
The establishment of genomic imprinting is an intricate developmental process. Mammalian gametes differentially acquire sex-specific imprints during their passages through the germlines. It is this basic epigenetic design that the blastocyst inner cell mass (ICM) utilizes to form the base-state epigenome of an embryo (1) . In the case of mouse, it is well established that these epigenetic processes are accompanied by DNA methylation. In some areas of the body, such as the nervous system, it appears that some gene loci exhibit allelespecific expression in a tissue-specific manner (5, 6) . These tissue-specific changes in allele-specific expression are attracting much interest as they would most probably involve other epigenetic programs than those observed during gametogenesis. To date, almost nothing is known about this subject. To this end, embryonic stem (ES) cells should be good models for studying genomic imprinting at a cellular level, in the anticipation that ES cell differentiation recapitulates early development. However, the revelation that imprinting status in ES cells does not properly mirror the generally 'neutral' patterns found in the ICM was discouraging (7) . Since then, little effort has been applied to resolving whether the discrepancy between the imprinting patterns in ICM and ES cells was the result of culture artifacts or is an intrinsic characteristic of ES cells. Moreover, the developmental consequences of differentiating such epigenetically 'aberrant' cells are totally unknown.
Ube3a is an example of an imprinted gene that is specifically imprinted in one particular cell type, the neuron (8 -10) . In humans, this gene has been related to disorders such as Angelman syndrome and, more recently, autism (11) . Ube3a is expressed ubiquitously, but when this gene is genetically (or epigenetically) disturbed, the phenotype is exhibited mainly in the brain. This observation is the reason as to why it is suspected that the etiologies of these diseases are related to genomic imprinting of this gene (8 -10) .
The silencing of Ube3a on the paternal allele has been associated with a brain-specific paternal antisense (Ube3a-AS) transcript in humans and mice, though the precise transcription unit of Ube3a-AS has not been determined (12 -14) . Furthermore, an 1000 kb transcript, LNCAT (large non-coding antisense transcript), which starts from the Snurf/Snrpn locus and spans the Ube3a locus in the antisense direction, has been anticipated (15, 16) . This 1000 kb region includes U-exons upstream of Snurf/Snrpn, snoRNA clusters and the non-coding transcript Ipw on the same strand (15, 16) . Whether Ube3a-AS RNA is a part of LNCAT or identical to LNCAT is not known. Ube3a-AS RNA is regulated by the PraderWilli syndrome imprinting center (PWS-IC) (13) . A 35 kb deletion of the PWS-IC, when transmitted as a paternal allele, abrogates the transcription of Ube3a-AS and causes an up-regulation of the paternal Ube3a expression (13) .
Transcription of the subset regions of LNCAT is developmentally regulated during neural differentiation in various regions of the nervous system (16) . In mouse development, Snurf/Snrpn RNA is detected from embryonic day (E) 7.5 onward, whereas Ube3a-AS, Ipw and snoRNAs are expressed from E10.5 onward (16) . Expression of Ube3a-AS, Ipw, snoRNAs and U-exons was reported to be up-regulated during neuronal differentiation of P19 cells, whereas no augmentation of Snurf/Snrpn expression was observed (15) . These findings suggest that allele-specific expression of this region might be regulated by a complex mechanism.
Mammalian brains are difficult to analyze for genomic imprinting at the cellular level because of their cell-type heterogeneity. Complications arise because we lack a cell-purification system that differentially sorts specific cell components of the brain, such as neurons, astrocytes, oligodendrocytes, microglia, endothelial cells and blood cells. Here, to tackle this problem, we devised a cell differentiation model of mammalian brain development using mouse ES cells with substantial genetic polymorphisms (17, 18) . We modified a robust neuronal differentiation system previously reported (17, 18) , by adjusting it to ES cells derived from embryos of F1 hybrid breeding pairs obtained from crosses of mouse strains with different genetic backgrounds, Mus musculus domesticus (C57BL/6) and M. musculus molossinus (MSM/Ms) (19) .
Here, we demonstrate that our in vitro neuronal differentiation system recapitulates the imprinted expression of the Ube3a locus during neural development in the mouse brain. The emergence of maternally biased expression of the Ube3a gene was concomitant with the rapid up-regulation of the paternal Ube3a-AS expression. Thus, we successfully developed tools to investigate the mechanism of genomic imprinting at a cellular level using unique F1 mouse hybrid ES cells.
RESULTS

Temporal establishment of allelic expression at the Ube3a locus during mouse neural development
When studying allele-specific events such as genomic imprinting, it is crucial to discriminate between the maternal and paternal alleles. To this end, we have exploited F1 hybrids of C57BL/6 (B6) and MSM/Ms (MSM) mice to take advantage of the highly frequent inter-subspecies single-nucleotide polymorphisms (SNPs) (20) . As we and others reported, Ube3a gene is part of a large genomic locus that is under the regulation of genomic imprinting, the Ube3a-Snurf/Snrpn region (Fig. 1A) (15, 16, 20) . We previously determined in silico SNPs between the B6 and MSM genomes, and used these SNPs to discriminate the parental alleles in this study (20) .
Neuroepithelia were excised from the hybrid mouse embryos to obtain a highly 'neural-pure' cell population at E11.5 and E15.5, and brains were dissected out at postnatal day (P) 0 and at the adult stage (8 weeks). Samples from each of the above four time points were analyzed for transcripts derived from the Ube3a locus in a strand-specific (sense or antisense) as well as an allele-specific (maternal or paternal) manner. The results of sequencing cDNA products of Ube3a transcripts showed that the Ube3a sense transcript was already preferentially expressed from the maternal allele from the earliest point analyzed, E11.5; committed neuronal progenitors are abundant at this embryonic stage (21) . This tendency to maternal expression of Ube3a was then gradually reinforced during development (Fig. 1B) . In contrast, the Ube3a-AS transcript was highly preferentially expressed from the paternal allele from E11.5 onward (Fig. 1C) . We have also investigated the expression levels of these transcripts by quantitative reverse transcription polymerase chain reaction (qRT-PCR). Although the amount of Ube3a transcript from both alleles remained relatively unchanged during development (Fig. 1D ), a sharp induction ( 100-fold) of the paternal Ube3a-AS transcript occurred between E11.5 and E15.5 (Fig. 1E ). This suggests that allele specificity of the expression of Ube3a-AS non-coding transcript is in a stable epigenetic regulatory process maintained during development (most probably set in the germlines). These results also suggest that the establishment of a qualitative regulatory system, such as allele-specific expression of Ube3a, can be a result of a quantitative regulation of a transcript on the opposite strand, such as Ube3a-AS. Such temporally dynamic regulation of the transcripts from a gene locus exhibiting genomic imprinting in a tissue-specific manner is, to our knowledge, unprecedented.
Maternally biased monoallelic expression of Ube3a is established during neurite outgrowth
As the imprinted expression of Ube3a seems to be temporally regulated by both qualitative and quantitative measures during (2) medium (D5-D8). Aggregates of neural precursor cells were formed on D8. The cells were then plated on laminin/ornithine-coated dishes in the presence of B-27 and 1% fetal bovine serum and cultured for the subsequent 9 days to induce neurite outgrowth (D9-D17); D8 corresponds to N0 and D17 corresponds to N9. (B) Quantitative analysis of gene expression was performed for the following genes: an undifferentiated stem cell marker (Nanog), neuronal markers (Ngn2 and Mtap2) and Ube3a during neural differentiation at D0, D4, D8, D13 (¼N5) and D17 (¼N9) in three independent trials (Trials a-c). 'Relative expression' indicates the level of gene expression normalized to the expression of Gapdh. The mean values were calculated from duplicate independent experiments. Error bars in the graphs indicate SD for two independent experiments. In all three trials, neuronal differentiation appeared to be successful based on the expression of
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Human Molecular Genetics, 2012, Vol. 21, No. 6 neural development, we sought to investigate its establishment in greater detail using a neuronal differentiation model that may faithfully reproduce neural development in a spatial as well as temporal manner. Our use of a neural differentiation protocol based on mouse ES cells allows us to analyze neural differentiation with great precision because the differentiation efficiency of ES cells is high (17) . In short, during 8 days of culture, mouse ES cells were converted into neural precursor cells (day 0 to day 8, D0-D8). These precursor cells were further matured and rendered post-mitotic over the subsequent 8 days (D8-D17, also called neural maturation (N) days N0 -N9) given the appropriate environment, which consisted of extracellular matrices like laminin that allow the cells to attach to the culture surface ( Fig. 2A) . This adherence provides a scaffold for neurite extension from the post-mitotic neurons, which gives the neurons their typical morphological appearance and functional characteristics. A large proportion of neuronal cells showed neurite outgrowth on N9. Within the time frame of neural maturation (N0-N9), mainly neurons and their progenitors, but few glial cells, were derived, as reported previously (18) . To enable us to discriminate between the alleles, we used ES cell lines derived from MSM and B6 crosses (MB hybrid ES cells with a maternal MSM allele and paternal B6 allele-see Materials and Methods). Although initial attempts failed to produce neural differentiation as efficiently using these hybrid ES cells as when using 129/Sv ES cells, priming the hybrid ES cells into a 'ground-like state' (22) using MEK inhibitor greatly ameliorated their differentiation (data not shown). Therefore, throughout this work, we used hybrid ES cells treated with MEK inhibitor (PD98059 or PD0325901) as the starting material.
The differentiation efficiency of each trial was monitored by using qRT-PCR of RNA samples to assess the expression of three genes: Nanog (undifferentiated stem cell marker), Ngn2 (neural progenitor marker) and Mtap2 (cytoskeletal component of a mature neuron). The degree of neural differentiation was comparable among three independent trials (Trials a, b and c; Fig. 2B ). An unexpected up-regulation of Nanog was observed after these neurons have been plated down (N5 and N9); this up-regulation may be attributable to unidentified factors in the serum used for plating the neurospheres at D8 (N0) which might have reactivated some of the pluripotency-related factors (17) and/or propagation of these residual undifferentiated cells. A similar and supporting result was obtained for Trial b when samples were interrogated with Oct3/4, another the markers (Nanog, Ngn2 and Mtap2). The expression of Ube3a was relatively constant during the differentiation process when compared with that of the three markers. (C) The imprinting status of Ube3a and Ube3a-AS in Trial a. The D0, D4 and D8 samples demonstrated biallelic Ube3a expression, and N5 and N9 samples showed predominantly maternal expression. Ubea3a-AS (G02) transcripts were expressed almost exclusively from paternal alleles throughout differentiation from D0 to N9. Biased maternal expression of Ube3a was observed only after neurite outgrowth started, whereas paternal expression of Ube3a-AS was biased from D0 and became monoallelic in N5-N9. We also determined the allele-specific expression of Ube3a-AS at the K19 SNP position and confirmed a similar imprinted status of Ube3a-AS transcript during the neuronal differentiation (Supplementary Material, Fig. S1 ). (D) Comparison of imprinting status among Trials a, b and c at N9. Predominantly maternal expression of Ube3a and paternal expression of Ube3a-AS (G02) were confirmed in N9 samples from Trials a and b, whereas nearly equally biallelic expression of Ube3a and paternal Ube3a-AS expression were observed in the N9 samples from the aberrantly imprinted trial (Trial c). Although the neuronal differentiation process appeared to be similar in the three trials based on the differentiation markers (Fig. 2B) Fig. S1 ). In contrast, judged by the expression profiles of Ngn2 and Mtap2, the expression profiles of the neuronal markers were comparable with those obtained for the same markers in 129/ Sv ES cells differentiated in parallel (data not shown; see also 17). We also confirmed our previous results (18) that glial differentiation does not occur within this time window (D0-N5 -N9) judged by S100b (an astrocyte marker) and Plp1 (an oligodendrocyte marker) (Supplementary Material, Fig. S2 ). During differentiation, the change in the expression level of Ube3a was smaller than that of the genes encoding the developmental neural markers (Fig. 2B) , consistent with the results for Ube3a in vivo (Fig. 1D) . When the allelic expression status of the Ube3a locus during neural differentiation from ES cells was analyzed, we observed that maternally biased expression of Ube3a emerged gradually during the neurite outgrowth period (N5 and N9; Fig. 2C ), whereas predominantly paternal antisense expression was observed throughout the entire differentiation period (D0-N9; Fig. 2C ), as was observed in vivo (Fig. 1C) . We also determined the allele-specific expression of Ube3a-AS at another SNP position (K19), and confirmed the imprinted status of Ube3a-AS transcript (Supplementary Material, Fig. S3) . To obtain more quantitative data for the allelic expressivity of the entire gene, we took advantage of our custom-made microarray platform that could simultaneously assess strand-specificity and allele-specificity of the locuswide transcription. We have previously shown that this microarray platform successfully illustrates the strand-and allelespecific transcriptional status of Ube3a-Snurf/Snrpn genomic region by detecting SNPs between B6 and MSM (20) . When the total RNAs of the same specimen were hybridized to this microarray, we confirmed the acquirement of statistically significant maternal bias of Ube3a expression at a later stage of neuronal maturation ( Fig. 2E ; note that N5 sample did not show statistically significant expression bias this time compared with data shown in Fig. 2C ), preceded by a sharp up-regulation of the paternally biased expression of Ube3a-AS (Fig. 2F) . Taken together, these results suggest that the neuron-specific Ube3a expression bias occurs during late neurogenesis, especially during neurite outgrowth, following a sharp paternal induction of its antisense transcript, Ube3a-AS/LNCAT. In the neural precursor cells undergoing neurite extension, the expression profile of the Ube3a-alleles at N9 was predominantly maternal in Trials a and b (highly imprinted samples) and nearly equally biallelic in Trial c (low or aberrant imprinting) (Fig. 2D ). This unexpected difference between the differentiation trials occurred even though the trials appeared similar in terms of neural differentiation efficiency. Because all the examples shown in this study derived from genetically identical hybrid ES cell lines, our results demonstrated the importance of an epigenetic aspect which could only be clarified through the 'strand and allele-specific' analyses of their differentiated descendants.
Paternal Ube3a-AS transcript levels are good predictors of the proper establishment of neuron-specific genomic imprinting of Ube3a.
We next sought to investigate whether the imprinted expression mode of Ube3a-AS in the differentiating ES cells was associated with Ube3a maternal expression bias, as was the case during in vivo neuroepithelial development (Fig. 1B-E) . In all three trials, the Ube3a-AS transcripts were almost exclusively of paternal origin (Fig. 2D) . We then compared the levels of the Ube3a-AS transcripts, detected at two different nucleotide positions (K19 and G02; see Fig. 1 for location), at various stages of differentiation in the three trials. In the highly imprinted samples (Trials a and b), Ube3a-AS transcripts were up-regulated several hundred-fold during neurite extension (N5 and N9) when compared with the neural precursor cell stage (D8) (Fig. 3) . In contrast, in the low or aberrantly imprinted sample (Trial c) in which the neural differentiation markers were comparable with the highly imprinted samples but the degree of maternal expression bias of Ube3a was reduced, the up-regulation of the paternal Ube3a-AS was consistently less pronounced (Fig. 3) . These results show that the establishment of an adequately imprinted expression profile of Ube3a gene in neurons is accompanied by a preceding sharp induction of its antisense counterpart (Ube3a-AS) on the paternal allele.
DISCUSSION
In this study, the cell lineage-specific establishment of a parent-of-origin expression bias has been reproduced in an ES cell-based differentiation model. We demonstrated that our in vitro system derived from F1 hybrid ES cells can faithfully mimic the developmental steps in neuronal differentiation as imprinted expression is established. The gametic paternal imprint of Ube3a-AS was preset in the undifferentiated ES cells and stably maintained throughout neuronal differentiation. It has been reported previously that the onset of maternal Ube3a expression takes place during neurogenesis between E12 and P0 (14) . The establishment of predominantly maternal Ube3a expression in our ES cell model coincided with the timing of the plating of the cells for neurite outgrowth (Fig. 2C) . In contrast to Ube3a, which is expressed at similar levels throughout neuronal differentiation, we have demonstrated that the paternal expression level of Ube3a-AS increased up to several hundred-fold between D8 (neural precursor cell stage) and N9 (mature neuronal stage) ( Fig. 3 ; Trials a and b). This result is consistent with the data using in vivo samples, where the paternal expression level of Ube3a-AS was increased up to 100-fold between E11.5 and E15.5, roughly equivalent to D8 and N9 in vitro, respectively (Fig. 1E) . Previous studies showed that Ube3a-AS was up-regulated during neural differentiation in vitro and neural development in vivo, but there was no evidence of quantitative regulation of Ube3a-AS RNA levels or a clear temporal correlation between Ube3a-AS RNA levels and Ube3a imprinting (15, 16) . Here we show that Ube3a-AS transcript up-regulation is dynamically regulated during in vivo neural development, and that the ensuing maternal expression of Ube3a can be mirrored in an ES cell differentiation model (Fig. 4) . This is in good concert with a general observation that the paternal allele is less dependent on DNA methylation in gene silencing in imprinted loci (23) and also with an earlier argument for a role of an antisense transcript (Ube3a-AS) in establishing monoallelic expression in neurons in this locus (24) . Although the molecular nature of the signal that induces the up-regulation of Ube3a-AS on the paternal allele warrants further investigation, the implication of an antisense expression in establishing a tissue-specific monoallelic expression is now directly testable using this differentiation system.
Of the numerous successful examples of specific induction of particular cell types from ES cells, most utilize mouse ES cells derived from a 129/Sv genetic background. For unknown reasons, this strain is uniquely efficient at producing ES cells with maximal differentiation capacities. In contrast, ES cells derived from other laboratory mouse strains are more difficult to maintain and differentiate (25) . This constraint of strain selection of ES cell is especially problematic if a monoallelic event such as genomic imprinting is to be analyzed. To maximize the inter-allelic SNPs between the maternal and paternal alleles, one would ideally choose two remote genetic backgrounds (as is the case for B6 and MSM in this study). Furthermore, to benefit from available genetic information, the two selected strains would ideally have detailed genomic sequence information available. B6 genome sequences have been publicly available for 10 years (26) and the entire MSM genome sequence is also available (http ://molossinus.lab.nig.ac.jp/msmdb/index.jsp). Therefore, it was fortunate that we discovered that MAP kinase inhibition helped maintain the pluripotency of the MB hybrid ES cells, probably by stabilizing the cells in a 'ground state' (22) .
Allele specificity as well as strand-specific expression bias must be taken into account when analyzing global gene expression from a diploid genome. Even in a biological system such as Saccharomyces cerevisiae, it has recently been made clear that assessing transcription from all four strands is of utmost importance for a better understanding of gene regulatory networks (27) . This problem becomes even more vexing when studying mammalian genomes because of their additional transcriptional regulatory mechanism, DNA methylation (28) . The clear benefit of confronting this problem is one of the messages conveyed in this current work.
The developmentally 'emerging' nature of epigenetic gene regulation shown in this study is of special concern for the application of stem cells [including induced pluripotent stem (iPS) cells] to medicine. Superficial surveys of candidate gene expression in differentiating stem cells will most likely fail to predict whether events related to cell differentiation totally mirror the regulation in vivo at the epigenetic level. Recent studies by Stadtfeld et al. (29) revealed another layer of non-coding RNA dysregulation specific for mouse iPS cells. Stadtfeld et al. (29) scrutinized various mouse iPS cell lines by applying the strictest test for pluripotency, the tetraploid complementation assay, which interrogates the total autonomous developmental potential of pluripotent stem cells. By comparing gene expression between the few 'good' iPS At E11.5, the neuroepithelia of mice consist of early neural stem/progenitor cells that show biallelic expression of Ube3a. At this stage, the antisense transcript encompassing the whole locus is already exclusively expressed from the paternal allele [most probably by the gamete-preset genomic imprints known to be situated at the imprinting center (PWS-IC) upstream of the Snurf/Snrpn locus], but its level of expression is very low. As neural development proceeds from E11.5 to E15.5, the expression level of Ube3a-AS dramatically increases in a paternally restricted manner regulated presumably by the PWS-IC. This emerging monoallelic expression of the non-coding Ube3a-AS transcripts seems to act, in cis, to repress the paternal expression of Ube3a, leading to its imprinted expression mode. Although the molecular mechanisms leading to this cis-acting gene expression regulation remain largely elusive, it is noteworthy that the total amount of Ube3a (sense) transcripts from both alleles does not significantly change in response to this allelic switch.
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Human Molecular Genetics, 2012, Vol. 21, No. 6 cells that passed the complementation test and the remaining large number of 'bad' iPS cells, they found a single gene locus in which differential gene expression occurred: the Dlk1-Dio3 locus, a well-established imprinted locus harboring a non-coding RNA, Gtl2, which is the differentially expressed gene in this case (30) . Together, these results suggest that it is essential to unveil the different layers of gene regulation when assessing stem cells by scrutinizing the genome-wide transcriptome before cell differentiation and then monitoring it again during cell differentiation. One may argue that non-coding RNAs per se are not strictly of epigenetic nature; however, they can be considered the summed output of various categories of epigenetic regulatory processes, such as DNA methylation, histone modifications, nucleosome positioning and higher order chromatin reorganization (31, 32) . Furthermore, as shown here, non-coding RNAs may be involved in the establishment of epigenetic settings during cell differentiation.
Recently, other groups have also used ES cells (33) or iPS cells (34) to analyze genomic imprinting. However, a striking feature of our in vitro system is that it recapitulates the normal development at a cellular level together with the timing of establishment of Ube3a monoallelic expression during neurogenesis. Therefore, we believe this in vitro system can be also used to study other gene loci that are imprinted not only in a neuron-specific fashion but also in a timingdependent way, such as Grb10 (35) . We also consider that our F1 hybrid ES cells will be a useful tool to investigate allelic gene regulation during the development of various nonneuronal cell types, if the appropriate cell-lineage specificity and fidelity of developmental timing are met.
MATERIALS AND METHODS
Derivation of MSM/B6 hybrid mice and ES cells
The male F1 hybrid ES cells used in our study (MB hybrid ES cells) were derived from embryos obtained by breeding MSM mothers to B6 fathers.
RNA isolation and reverse-transcriptase reaction
Total RNA was isolated from neural epithelia obtained from E11.5 and E15.5 fetuses (from forebrain to hindbrain regions), whole brain tissues from P0 and adult F1 BM hybrid mice (B6 mother, MSM father) and from cultured cells using Trizol reagent (Invitrogen) according to the manufacturer's protocol. RNA concentration and 260/280 nm ratios were determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). Total RNA (5 mg) was reverse-transcribed with SuperScript TM II reverse transcriptase (Invitrogen) using random hexamer primers or antisense strand-specific primers according to the manufacturer's instructions. Antisense strand-specific primer sequences were used as follows:
Quantitative reverse transcription polymerase chain reaction PCR reactions were performed with Thermal Cycler Dicew Real Time System (TaKaRa). Each reaction was performed in a 10 ml volume containing 200 nM of each primer, 0. ′ -GGTCCTCAGTGTAGCCC AAGAT-3 ′ . Reactions were run using the manufacturer's recommended cycling parameters of 958C for 10 s, 40 cycles of 958C for 5 s and 608C for 30 s. The dissociation curve for each sample was then analyzed to verify the specificity of each reaction. The assays were performed in duplicate, and the copy number of each RNA was calculated with Thermal Cycler Dicew Real Time System Software (TaKaRa). The data for each sample were normalized to an internal standard (Gapdh).
Allelic expression analysis
The allelic expression of Ube3a and Ube3a-AS were determined by direct sequencing of cDNA analyses. PCRs were performed using TaKaRa Ex Taq TM (TaKaRa) according to the manufacturer's protocol. The PCR products were purified using a MinElute Gel Extraction Kit (Qiagen) and sequenced with an ABI 3130 Genetic Analyzer using a Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems). Sequencing was performed in both the forward and reverse directions using the corresponding primers: Ube3a 5 ′ -ATCCTGCAGACTTGAAGAAGC-3 ′ and 5 ′ -TCA TACA TCATTGGGTTACC-3 ′ ; Ube3a-AS (K19) 5 ′ -TTCT GGTTT TCTCAAGTTCAG-3 ′ and 5 ′ -AGATTTATTGA GAATGTAGTC-3 ′ ; and Ube3a-AS (G02) 5 ′ -TAAGTAT TAAGAAGACTGGAG-3 ′ and 5 ′ -ACAGTGGAAGAAACA GGTCAC-3 ′ .
ES cell culture
ES cells were cultured as previously reported (17, 18) . To determine the effective concentration of the MEK inhibitor, PD98059, we comparatively tested 0, 5, 10 and 25 mM PD98059 in terms of their effectiveness in reducing the expression level of Fgf5 in our hybrid ES cells. We found that PD98059 at either 10 or 25 mM effectively reduced the Fgf5 level (data not shown). As no adverse effect on cell survival was obvious at 25 mM, we decided to use this concentration for our study. We also confirmed that PD0325901, another highly MAP kinase-specific inhibitor, was equally effective at the concentration of 1 mM. Before neuronal differentiation of the hybrid ES cells, the cells were cultured on gelatinized dishes without feeder cells for at least two passages. This procedure not only reduced the amount of the co-cultured mouse embryonic fibroblasts but also seemed to reduce spontaneous cell death and gave better cell survival (data not shown).
Neuronal differentiation
Differentiated neurons were prepared as described previously (17) . In brief, ES cells were suspended in CDM medium [where the bovine albumin was replaced by 1% polyvinyl alcohol (PVA)] and plated at a density of 5 × 10 4 cell/ml in 10 cm bacteriological grade culture dishes (Falcon). After 4 days, cultures were passaged by dissociating growing cell aggregates using 25% Accumax (Innovate Cell Technologies) in PBS and stopping reactions with CDM without PVA, washing in CDM without PVA and replating in the same medium.
To induce neurite outgrowth, D8 cells were mechanically dissociated and plated into 10 cm culture dishes coated with laminin plus ornithine in the same medium containing 10% B-27 supplement with 1% fetal bovine serum for 9 days. Media were changed every other day during the 9 day process. The cultures were kept in a 5% CO 2 atmosphere at 378C.
Highly parallel SNP genotyping
Highly parallel SNP genotyping assays were performed using Illumina GoldenGate Assay. This microarray-based platform enables us to distinguish strand-and allele-specific transcription of the target regions. As previously reported, our custommade microarray platform contains 1420 reliable probes targeting the SNP sites covering Ube3a -Snurf/Snrpn ≥1 Mb genomic region (20) . We obtained cDNAs from five time points during neural differentiation (MSM × B6 hybrid), and each cDNA was subjected to the Illumina GoldenGate assay. The signal intensity values from the experiments were normalized by loess (limma package from R) (36) .
